INTRODUCTION
Transcriptional dysregulation is an early event in Huntington's disease (HD) pathology and is present across multiple HD models (1) . Human, cellular and transgenic mouse models of HD demonstrate alterations of specific genes at the level of mRNA expression (1 -6) . Given that mRNA up-and downregulation of key molecules may underlie the neuronal dysfunction in HD, correction of these transcriptional abnormalities has great potential as a novel therapeutic approach. However, the mechanisms that cause selective alterations in the expression of target genes remain unknown.
Mutant Htt interacts with numerous transcription factors (1) such as CREB-binding protein (CBP) (7 -9) , TATA-binding protein (TBP) (10) , p53 (8) , Sp1 and its coactivator TAFII 130 (11, 12) , mSin3a (8, 13) , nuclear co-repressor (NCoR) (14) , NF-Y (15), CtBP (16) , REST/NRSF (17, 18) and the transcriptional activator CA150 (19) , raising the possibility that the polyglutamine (polyQ) repeat expansion alters the interaction of Htt with these proteins thereby disrupting their normal function.
Thus, one mechanism whereby mutant Htt alters transcription is through abnormal interactions with transcription factors.
Before it was discovered that mutations in methyl-CpG binding protein 2 (MeCP2) gene cause Rett syndrome (20) (21) (22) , MeCP2 was known to bind to methylated DNA (23, 24) , thereby repressing gene expression (25, 26) . DNA methylation has been shown to induce long-term changes in gene expression through direct interference with transcription factor binding and recruitment of chromatin remodeling enzymes regulated through the actions of MeCP2. Thus, MeCP2 recruits transcriptional co-repressors to silence transcription through modifying surrounding chromatin structure and providing a link between DNA methylation, chromatin remodeling and gene expression (27, 28) .
Previous studies from our laboratory have demonstrated that Htt is present in the nucleus and that it binds DNA (29) . However, it is yet unclear whether the interaction between Htt and DNA is direct and what the effect of this interaction is within the nucleus. Therefore, identifying other Htt binding partners or interactors is a logical step in addressing these issues. * To whom correspondence should be addressed at: MassGeneral Institute for Neurodegenerative Disease, Massachusetts General Hospital, 114 16th Street, Charlestown, MA 02129 4404, USA. Tel: +1 6177241487; Fax: +1 6177241480; Email: gsadrivakili@partners.org In addition, we have shown that mutant Htt alters histone modifications such as acetylation (5) and ubiquitylation (30) . These findings suggest that there may be more players involved in creating this transcriptional profile in HD. Given that MeCP2 plays a pivotal role in regulating gene expression through its interactions with histone deacetylases, we propose that increases in MeCP2 association with gene promoters may be an underlying mechanism of altered gene expression in HD. Here, we demonstrate that Htt interacts with MeCP2 in a mouse and cellular model of HD using traditional colocalization studies. Moreover, in order to gain insight into the localization of the proteinprotein and protein -DNA interactions within intact cells, we complemented traditional colocalization studies with Fluorescent Lifetime Imaging (FLIM), a powerful approach to assess Förster Resonance Energy Transfer (FRET) between interacting molecules in the cell lines (31) . Furthermore, we demonstrate that alterations in MeCP2 binding at the brain-derived neurotrophic factor (BDNF; gene name: Bdnf) gene promoter is sufficient to decrease BDNF expression in HD.
RESULTS

Increased interactions between Htt and MeCP2 in mutant Hdh mouse striatum and STHdh cell lines
In order to determine whether Htt interacts with MeCP2, we used the striatum from 10-month-old wild-type (Hdh (Fig. 1B) . Next, the reverse immunoprecipitation was carried out using anti-Htt-2166 for the immunoprecipitation and anti-MeCP2 antibody for the immunoblots. These results confirmed the first experiment and demonstrated an increase between MeCP2 and Htt interaction in the Hdh 111/111 striatum compared with wild-type ( Fig. 1C and  D (Fig. 3B) .
Increased interactions between Htt and MeCP2 in mutant huntingtin-expressing cells
To confirm our co-immunoprecipitation findings, suggestive of Htt -MeCP2 interactions in both mouse striatum as well as cell . Control IgG co-immunoprecipitation followed by immunoblot with an anti-MeCP2 antibody in Hdh striatum. (D) Integrated density values for MeCP2 immunoreactivity from a total of four immunoblots; * * * P , 0.001, * P , 0.05. IP, immunoprecipitation.
lines, we turned to FLIM studies using the same antibodies for each protein. Using FLIM analysis, the proximity of two fluorophores can be measured relative to one another. The baseline lifetime of the donor fluorophore is measured in the absence of the acceptor fluorophore, thus representing the no-FRET state. When the acceptor fluorophore is added, the lifetime of the donor fluorophore decreases from the baseline. This shortened lifetime indicates physical proximity between the acceptor and donor fluorophores. Any change in the donor fluorophore lifetimes in two experimental states indicates differences in physical proximity between the donor and acceptor fluorophores. Here, we are using antibody-linked donor and acceptor fluorophores or an antibody-linked donor fluorophore and a nucleic acid dye for the acceptor fluorophore as a proxy for measuring physical interactions between their antigens. To demonstrate interactions between MeCP2 and its binding partners, we chose to first demonstrate interactions between MeCP2 and HP1a as a positive control (Fig. 3) as HP1a is a wellknown MeCP2 interactor (32 )]. Thus, FRET-FLIM can detect interactions between MeCP2 and its known interacting protein HP1a.
In order to determine whether MeCP2 interacts with Htt, cells were immunostained for both Htt and MeCP2. We labeled Htt with the donor fluorophore, AlexaFluor488, and MeCP2 with the acceptor fluorophore, Cy3. Prior to FLIM analysis, the cells were imaged using conventional fluorescence microscopy to ensure correct staining patterns (data not shown). During FLIM analysis, we noticed an obvious difference between Htt-MeCP2 interactions in the nuclear and cytoplasmic compartments (Fig. 4) . Therefore, we performed separate analyses on the nucleus and cytoplasm by drawing our region of interest on these separate compartments during the analysis.
Within )] (Fig. 4) . As was observed in the nuclear compartment, cytoplasmic MeCP2 -Htt interactions were significantly increased when Htt is in its mutant form. Taken together, the FLIM data indicate that Htt and MeCP2 interact in both the cytoplasm and nucleus of STHdh cells. However, in the presence of the polyQ expansion in mutant Htt, MeCP2 -Htt interactions are stronger.
Increased interactions between Htt and MeCP2 may underlie alterations in BDNF expression in mutant huntingtin-expressing cells
Our results indicate that MeCP2 interacts with Htt and that this interaction is increased in the presence of the expanded polyQ tract. Therefore, we hypothesized that increased MeCP2 interaction with mutant Htt could contribute to gene expression changes in HD. We chose to examine the expression of BDNF in our experimental system as it is decreased in HD (4,33). Moreover, MeCP2 regulation of BDNF gene is well characterized (34, 35) . Specifically, the removal of MeCP2 from the CpG-island within BDNF promoter IV leads to enhanced expression of BDNF gene (34) .
We measured Bdnf transcript levels using reverse transcription quantitative real-time PCR (RT -qPCR) in addition to MeCP2 binding at Bdnf promoters using chromatin immunoprecipitation (ChIP). As a negative control, we also measured microtubule associated protein-2 (Map2) transcript levels and binding of MeCP2 to its promoter. While there was no change in Map2 levels, there was a significant decrease in Bdnf exon IV-containing transcript in the STHdh 111/111 compared with STHdh 7/7 cells in agreement with results from other HD models. The data were analyzed with a two-way ANOVA, which revealed a significant main effect of gene [F(1,12) ¼ 7.19, P , 0.02; n ¼ 4] (Fig. 4A) (Fig. 5A) . Next, we measured the binding of MeCP2 at Bdnf promoter IV and the Map2 promoter in the cell lines using ChIP. The two-way ANOVA revealed a significant effect of genotype [F(1,11) ¼ 5. mutant cells compared with WT (Fig. 5B) . Together, these results suggest that increased MeCP2 binding at Bdnf exon IV promoter can underlie decreases in Bdnf expression in HD. In order to determine whether increased MeCP2 association at the Bdnf promoter is necessary to decrease Bdnf transcript levels, we decreased MeCP2 levels in STHdh 111/111 cells. Transfection of MeCP2 siRNA decreased MeCP2 protein expression compared with mock and non-targeting control (NTC) siRNA by 48 and 72 h (Fig. 6A) . Two-way ANOVA revealed a significant main effect of treatment [F(2, (Fig. 6B) (Fig. 6C) . Analysis of these data with two-way ANOVA revealed a significant main effect of treatment [F(1,18) ¼ 4.79, P , 0.04; n ¼ 4].
DISCUSSION
In the present report, we provide the first evidence indicating that Htt protein interacts directly with MeCP2 in established HD mouse and cellular models. Furthermore, this interaction is enhanced in the presence of the expanded polyQ tract and is stronger in the nucleus compared with cytoplasm as measured by FLIM. Furthermore, our findings demonstrate that MeCP2 binding to gene promoters in mutant cells may underlie alterations in gene expression in HD. There was an increase in MeCP2 binding at the Bdnf gene promoter, a gene with downregulated expression in HD, in the mutant cells compared with wild-type. These findings suggest that the increased interaction between mutant Htt and MeCP2 is a novel underlying mechanism of transcriptional dysregulation in HD.
Htt and MeCP2 interact in both the cytoplasm and nucleus of STHdh cells. However, in the presence of the polyQ expansion, the MeCP2 -Htt interaction is stronger, indicating that either there is an increased number of interacting Htt and MeCP2 molecules or stronger interactions. These alterations cannot be simply attributed to changes in MeCP2 levels in the STHdh 111/111 cells, as there was no change in MeCP2 levels between the cell lines (Fig. 2B) . Moreover, donor lifetime is an intrinsic property of the fluorophore and is not concentration dependent (36, 37 The complex mechanisms regulating eukaryotic gene expression involve DNA methylation, chromatin remodeling through histone modifications that can in turn affect transcription factor activity and binding to gene promoters. Thus far, studies have focused on histone modifications and transcription factor activity as potential mechanisms that underlie changes in gene expression in HD. However, more recently, the mechanisms by which DNA methylation is targeted to specific regions of genome and interpreted by MeCP2 has become clear (25, 26) . DNA methylation has been shown to induce long-term changes in gene expression through direct interference with transcription factor binding and recruitment of chromatin remodeling enzymes regulated through the actions of MeCP2. Given that MeCP2 plays a pivotal role in regulating gene expression, increases in MeCP2 association at gene promoters may contribute to altered gene expression in HD and other disorders. Multiple genes, in addition to Bdnf, are under the direct transcriptional control of MeCP2. Thus the downstream effect of alterations of MeCP2 at their gene promoters can provide the underlying molecular mechanisms that are manifested in severe neurological deficits seen in HD and Rett Syndrome. Although there was no change in the overall levels of MeCP2 protein or mRNA levels between the cell lines, there was an increase in MeCP2 association with BDNF promoter IV in the mutant cells compared with wild-type. BDNF promotes the development, differentiation, maintenance, and survival of neurons in the CNS (39) (40) (41) and previous studies have shown that BDNF mRNA, protein, and trafficking are reduced in neurons and glia in HD (33, 42, 43) . MeCP2 has been shown to repress BDNF promoter IV expression in the absence of neuronal activity (34, 35, 44) . Thus, a prerequisite step in BDNF promoter IV-containing gene expression is de-repression caused by the dissociation of MeCP2 from promoter IV (34) . Our data indicate that perhaps polyQ expansion hinders the dissociation of MeCP2 from BDNF promoter IV thereby decreasing BDNF expression.
MeCP2 was recently shown to bind at numerous sites throughout the genome (45) thus it may be involved in the regulation of transcripts that demonstrate altered expression in HD. In this brief report, we have focused on one gene, BDNF; determining whether MeCP2 binding at other gene promoters is altered in the presence of expanded polyQ warrants further study. MeCP2 binding at gene promoters may act by facilitating or recruiting other regulatory factors such as co-repressors or HDACs to these DNA regions in order to alter gene expression. Previous studies have demonstrated that the binding of MeCP2 to methyl-CpG sites translates into a gene-silencing signal via the recruitment of histone deacetylases (HDAC), histone methyltransferases, and other co-repressors (27, 28) . Specifically, MeCP2 has been shown to specifically interact with and recruit histone deacetylase 1 (HDAC 1) and histone deacetylase 2 (HDAC2) to gene promoters. Previous findings from our lab indicate that downregulated genes are associated with hypoacetylated histones in HD cellular and animal models (5). Therefore, given the known interaction between MeCP2 and HDACs 1 and 2, it is possible that MeCP2 recruits HDACs to gene promoters abnormally in the presence of mutant Htt leading to hypoacetylation of histones and in turn alterations in gene expression.
The findings here together with our previous work suggest that Htt has a role in the nucleus. Once mutated, the expanded polyQ Htt orchestrates a more repressive transcriptional environment by decreasing histone acetylation (5), increasing histone ubiquitylation (30) , and perhaps recruiting MeCP2 to gene promoters. In summary, we demonstrated for the first time a direct interaction between Htt and MeCP2. As reported previously, we find a decrease in BDNF expression in HD cells that is caused by an increase in MeCP2 binding to BDNF promoter IV in the presence of expanded polyQ Htt. Our studies provide a novel mechanism underlying transcriptional dysregulation in HD. Additional investigations into the role of MeCP2 on alterations in gene expression in HD may provide further insight into the pathophysiology of HD as well as Rett Syndrome given the overlap in the motor symptoms in both disorders.
MATERIALS AND METHODS
Animals
The striatum of the knock-in Hdh mouse model (46) was a generous gift from Drs Lianna Orlando and Kim Kegel (Massachusetts General Hospital). Hdh mice contain chimeric human and mouse HD/Hdh exon 1 with a sequence encoding for the human polyproline tract together with either a full-length version of either wild-type (containing seven glutamines) or mutant (111 glutamines) Htt. We used the striatum from the wild-type (Hdh ) genotypes.
Cell culture
Striatal cell lines were established from wild-type and Hdh (Q111) knock-in embryonic mice (47) and were a generous gift from Dr Marcy MacDonald (Massachusetts General Hospital). STHdh cell lines express full-length versions of either wild-type (containing seven glutamines) or mutant (111 glutamines) Htt (47) . Two different cell lines were used, corresponding to wild-type (STHdh cells expressing wild-type or mutant huntingtin, respectively, were plated 24 h prior to fixing. Ice-cold methanol was used to fix the cells for 10 min. Cells were permeabilized with ice-cold acetone for 1 min. After gradual rehydration with PBS, cells were washed three times with PBS. Cellular RNA was digested with DNase-free RNase A (1 mg/ml) for 30 min at room temperature. Cells were blocked with 2% normal goat serum (Jackson Labs) and 0.1% Triton X-100 in PBS at room temperature for at least 1 h. Primary antibodies were diluted in blocking solution and incubated with the cells overnight at 48C and then washed three times in PBS/0.1% Triton X-100. AlexaFluor 488-labeled secondary antibodies (goat anti-mouse (HP1a) or goat anti-rabbit (MeCP2) were incubated for 1 h at room temperature (Invitrogen; 1:200 dilution) followed by washes in PBS/0.1% Triton X-100. The nucleic acid stain Sytox Orange (Invitrogen) was added to a final concentration of 1 mM in PBS/0.1% Triton and incubated for 30 min followed by three washes of PBS. Negative controls (no acceptor staining) for the FLIM experiments omitted Sytox Orange. Cells were coverslipped using GVA Mount (Zymed Laboratories). Prior to FRET -FLIM experiments, staining was confirmed using a conventional epifluorescence microscope to ensure proper staining.
Immunostaining: double staining of interacting proteins
Antibody staining was similar to that discussed earlier with the elimination of RNase A treatment and Sytox Orange staining. The second protein stained in these reactions was counterstained with goat anti-mouse or goat anti-rabbit antibody conjugated to Cy3 (1:200 dilution; Jackson ImmunoResearch, West Grove, PA, USA). Cells were coverslipped in GVA Mount and imaged on a conventional epifluorescence microscope prior to FRET -FLIM imaging to ensure proper staining.
Antibodies for FLIM
Primary antibodies used for these experiments were: mouse anti-HP1a (Upstate 05-689; 5 mg/ml), mouse anti-huntingtin (Chemicon MAb2166; 1:50), rabbit anti-MeCP2 (AbCam ab2828; 1:200).
FLIM assays and analysis
Cells were imaged using a ×60 objective on an Olympus microscope equipped with a Ti-sapphire pulsed laser as the light source. A mode-locked Ti-sapphire laser (Spectra-Physics, Fremont, CA, USA) sent a femtosecond pulse every 12 ns to excite Alexa488 donor fluorophore. Images were acquired using a Bio-Rad (Hercules, CA, USA) Radiance 2000 multiphoton microscope. A high-speed Hamamatsu (Bridgewater, NJ, USA) detector and hardware and software from Becker and Hickl (Berlin, Germany) were used to measure donor fluorescence lifetimes on a pixel-by-pixel basis (48) .
SPCImage software (Becker and Hickl) was used to analyze FLIM data as previously described (49) . Briefly, the baseline fluorescence lifetime of the AlexaFluor 488 donor (t1) was calculated in the absence of FRET acceptor by fitting AlexaFluor488 lifetime to a single exponential decay curve (no acceptor negative control, FRET absent). In experimental settings where both donor and acceptor fluorophores are present, AlexaFluor 488 donor lifetime was fitted to two-exponential decay curves. The longer lifetime (t1, established in the no acceptor negative control) was fixed during the analysis, and the second, shorter lifetime (indicating FRET, t2) was calculated by the software and was used for all comparisons. Thus, changes in the t2 lifetime are a direct indication of changes in the physical proximity between the donor and acceptor fluorophores. Average per cell/nucleus lifetime was recorded; shortened lifetimes indicate closer proximity and/or increased numbers of interactions. t2 lifetimes were compared between STHdh 7/7 and STHdh 111/111 cells by a two-tailed Student's t-test. In this analysis, the t1 lifetime, the non-FRETing portion, was excluded from the analysis. The t2 lifetimes were then mapped by pseudocolor over the image on a pixel-by-pixel basis. For the analysis of protein -DNA interaction, individual nuclei were defined as the region of interest. For the analysis of protein -protein interactions within individual cells, the region of interest was first defined as the nucleus and a separate analysis was performed using the cytoplasm as the region of interest.
Western blotting
Western blots were carried out as previously described (5, 50) . Briefly, 25 mg of protein was resuspended in sample buffer, boiled at 958C for 5 min, and fractionated on a 4 -20% glycine gels (Invitrogen, Carlsbad, CA, USA) for 90 min at 120 V. Proteins were transferred to PVDF membranes in transfer buffer (3% Tris base, 14.4% glycine, 20% MeOH) at 400 mA × 1 h, and the PVDF was then blocked with 5% milk in phosphatebuffered saline before immunodetection with antibodies. Primary antibody [MeCP2 (1:500; Abcam) and GAPDH (1:700; Abcam)] incubation overnight was followed by four washes (10 min, RT) in TBST before incubation with the secondary antibody for 1 h (HRP-conjugated goat anti-rabbit IgG; Jackson ImmunoResearch Laboratories, West Grove, PA, USA). After four washes in PBS proteins were visualized using the ECL detection system (NEN, Boston, MA, USA). Coomassie gels were used to ensure equal protein loading for western blots.
Co-immunoprecipitation
The co-immunoprecipitations (co-IP) studies were carried out as previously described (30) . Briefly, 50 mg of nuclear extracts from STHdh cells were incubated with 5 mg of anti-Htt (Chemicon MAb2166), or anti-MeCP2 (AbCam ab2828) antibody and 25 ml of protein A magnetic beads (Invitrogen) at 48C for 8 h. The immune complexes were washed four times with Gal4 buffer (20 mM HEPES, 300 mM NaCl, 10% glycerol) and extracted by heating at 958C for 5 min in 25 ml of 2X Trisglycine sample buffer. Immune complexes were subjected to western blot analysis for analysis of MeCP2 and Htt proteins.
ChIP assay
A modified ChIP technique was adapted from previously published studies from our laboratory in order to analyze DNA/ protein complexes in dissected brain tissue (5,51) anti-MeCP2 antibody (Abcam) was added to isolated protein-DNA complexes containing MeCP2. BDNF promoter DNA was detected in the resulting ChIP-DNA by qPCR using specific primers for the multiple BDNF promoters. Exon-specific BDNF primers were designed based on previously published sequences (34, 35, 52) . The following primer sequences were used for qPCR: BDNF exon IV forward, 5-AACAAGAGGCTGTGAC ACTATGCTC-3; reverse, 5-CAGTAAGTAAAGGCTAGGG CAGGC-3 (34) . Threshold amplification cycle numbers (T c ) using iCycler software were used to calculate IP DNA quantities as percentage of corresponding inputs.
siRNA transfection siRNA transfections were performed as previously described (30) . STHdh 111/111 cells were transfected with siRNA to mouse MeCP2 (Dharmacon, Lafayette, CO, USA) or nontargeting control siRNA (Dharmacon) using Lipofectamine 2000 (Invitrogen) in OPTI-MEM I (Invitrogen) for 24-72 h. Final concentration of the siRNAs in cell culture media was 100 nM.
RNA extraction and reverse transcription
RNA was extracted from cell lines using a RNeasy kit (Qiagen, Valencia, CA, USA) according to manufacturer's instructions and as previously described (50, 53) . Reverse transcription reactions were performed using specific primers in an iCycler (Bio-Rad) (258C for 10 min, 428C for 50 min, 708C for 15 min) to quantify the amount of gene expression when compared with a standard curve (Superscript First Strand Synthesis System; Invitrogen, Carlsbad, CA, USA). The following primers were used: BDNF exon IV: forward 5 ′ -TTCCACTATCAATAATTTAAC TTCTTTGC-3 ′ and reverse 5 ′ -CTCTTACTATATATTTCCCC TTCTCTTCAGT-3 ′ ; GAPDH: forward 5 ′ -AACAGCAACTCC CATTC TTC-3 ′ and reverse 5 ′ -TGGTCCAGGGTTTCTTAC TC-3 ′ . BDNF primers were based on previously published sequences (54) . Quantitative real time-PCR was performed using 50 PCR cycles (958C for 30 s, 578C for 60 s, 728C for 90 s) in an iCycler (Bio-Rad) with the use of SYBR-green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The threshold cycle for each sample was chosen from the linear range and converted to a starting quantity by interpolation from a standard curve run on the same plate for each set of primers. For each replicate, mRNA levels were normalized to their respective GAPDH mRNA levels.
